Introduction
When considering the radiological protection of persons who may be exposed to radiation, it has been the practice to identify the organs or tissues which are likely to be most at risk in showing late biological effects. These organs or tissues have been called the critical organs. However, in this report we are concerned primarily with methods of estimating absorbed dose and we shall refer to particular regions of interest for which the dose is determined. :., carrying out calculations of absorbed dose, such a region of interest is identified as a target region, while the radiation to which it is exposed will be said to originate from a particular source region. Target and source regions may overlap, or may coincide. These source and target regions will ordinarily be identified with particular tissues or organs.
In this report the term particle is used in the sense defined by ICRU (1971) for directly and indirectly ionizing particles.
The absorbed dose in a particular target region is determined by both the physical and the biological parameters; to carry out a calculation of the absorbed dose, the following data are required.
(a) the activity administered; (b) the physical half-life of the radionuclide; (c) the decay data for the radionuclide; (d) the identity (and hence location), mass and shape of the target regions; ( e) the temporal and spatial distribution of activity in the source regions; and (f) the fraction of the radiation energy emitted in the source region which is absorbed in the target region. Data of types (a) to (c) involve only physical information relating to the radionuclide used, while (d) to (f) involve biological information.
Calculations of absorbed dose are broadly of two types, namely, those in which the biological information either (i) represents an average for some class or group of individuals, or (ii) has been derived from an administration of activity to a single individual. The former type of calculation may be based, for example, on biological data derived from investigations on many individuals and/or on work with experimental animals and will be used in predicting the absorbed dose to be expected in a clinical application. Calculations of the second type will apply to a particular individual or class of individuals and can only be made retrospectively. Regardless of which type of calculation is made, a model must first be adopted which incorporates data of types 4 (d) and (e) above in a form simple enough to allow calculation but detailed enough to have biological significance. Using such a model, together with data of types (a), (b), (c) , and (f), suitable tabulations may be made of data for dose calculation. The interpretation of the final result thus depends largely on a judgement of the validity of the model used for the calculation.
Basic Concepts
In order to illustrate the basic concepts, we consider first a radionuclide that decays with the emission of one type of particle only. The activity is assumed to be ~is tributed in a source region, the size and shape of which need not be specified until an actual model calculation is undertaken. We seek an expression, valid for all types of radiation, for the absorbed dose in a target region which may or may not coincide with part or all of the source region. In the time interval of interest, the ~v erage energy absorbed per unit mass in the target region (assumed for the moment to be a volume), i.e., the m~an absorbed dose, 15, is equal to the product of five terms:
(a) the number of nuclear transformations in the source region during the time interval of interest, k (b) th~ mean number of ionizing particles per nuclear transformation, n;
(c) the mean energy per particle, E;
( d) the fraction of the particle energy emitted by the source region and imparted to the target region, called the absorbed fraction, ¢;and ( e) the reciprocal of the mass of the target region, m-1.
The mean absorbed dose, 15, to the target region produced by the nuclear transformations in the source region during a particular time interval of interest may thus be expressed in the form:
although, in general, absorbed dose varies from point to point within the target region. The product of n by E is simply the mean energy emitted per nuclear transformation, and is here represented by d = nE.
Likewise, the quotient of the absorbed fraction ¢ and the mass m is a useful quantity, given here the name specific absorbed fraction and represented by <P = ¢/m. Making these substitutions, the mean absorbed dose to the target region can be expressed in the form:
It may be noted that, while Eq. (2.2-1) is limited to target regions that are finite volumes, Eq. (2.2-2) is more general, and applies to any target region. Neither equation contains any assumption about the size or shape of source or target regions, nor about the uniformity or extent of the source activity or the absorbing medium. In practice, however, it is almost always necessary to place limitations on the model to which the equations are applied, in order to obtain numerical values for the quantities.
The number of nuclear transformations during the relevant time interval is calculated using the model which must be set up to represent the anatomical and physiological conditions. A certain time course of variation of activity A (t) in the source region will have been assumed in this model and the integral of this activity over the period of interest gives the total number of nuclear transformations A.
The mean energy emitted per nuclear transformation, ..1, is calculated from the decay data.
Values of the absorbed fraction, <:/>, and the specific 2.2 Basic Concepts • • • 5 absorbed fraction, <P, have been calculated for various source and target regions, and are available in the form of tables and charts, some of which are included in this report (Appendix B). From these the appropriate values may be selected for the various radiations occurring in the decay scheme, and for the geometrical shapes and relationships specified in the model adopted. If ab~ sorbed fractions for the shapes chosen are not directly available, tables of specific absorbed fractions for point sources may be used. Presently available calculated values of absorbed fractions or specific absorbed fractions generally assume either a uniform distribution of the activity or a point source in a homogeneous absorbing medium and sometimes assume that there are no boundary effects. The mass m of the target region is assumed as part of the model. The Eq. (2.2-1) and (2.2-2) have been simplified in order to make clear the basic concepts behind the method of dose calculation being described. In order to cover the various situations which arise in practice, a (ICRU, 1971 ). The subscripts is used to indicate a group of radiation types with similar absorption properties and for which the mean energy per nuclear transformation has been summed. c The SI derived units with special names used in this table are the unit of energy, joule (,J); the unit of absorbed dose, gray (Gy = J kg-1 ); and the unit of activity, becquerel (Bq = s-1 ).
somewhat more formal and elaborate approach is necessary, and is given in the following paragraphs.
Assumptions and Notation
The notation is explained in the text as it occurs, and so far as possible is consistent with current practice and recommendations of the ICRU. However, attention is called here to certain special features of the assumptions and notation.
In this report we are concerned particularly with the non-stochastic quantity absorbed dose, D, defined by ICRU (1971) and its mean value, D. The word model is used to designate the total set of assumed conditions, spatial, structural and kinetic, for which an absorbeddose calculation is to be made. An infinite absorbing medium is one so large that boundary effects can be neglected. The symbol r represents a region, which is a point, line, surface or volume. When the region considered is a point or volume, the symbols p and v are used. A mean value is indicated by a line over the symbol unless the symbol is defined as a mean value in the list of symbols, a dot denotes a time derivative, and a tilde a time integral.
In order to avoid ambiguity, a notation that specifies both source and target is convenient in the general formulae which follow. However, in actual calculations, notation can be simplified as appropriate. If both source and target are specified, the target should be written first, but if only one is specified it should be the target. Thus, in referring to specific absorbed fractions one would write <P<h +-r 2 ), where r 1 is the target and r 2 the source region, which can be read "the specific absorbed fraction in target region r 1 from source region r 2 ". If a quantity such as </>depends symmetrically on the two regions, it is written in the form </>(r 1 ++ r 2 ) which can be read "the specific absorbed fraction in r 1 from r 2 or in rz from r 1". If the source and target are identical, the arrow is omitted, as for example </>(v,v ) .
The symbols and units for the quantities used in this report are summarized in Table 2 -1.
In the mathematical formalism for absorbed-dose computation presented here, the absorbed doses due to nuclear radiations are expressed in a common unit and added. When this is done, it is tacitly assumed that the radiation effects associated with the various nuclear radiations are additive and the total effect depends only on the total absorbed dose. For radiations not considered to be additive in this manner, or where there are significant differences in dose rates, the formalism can still be used, but the absorbed doses should be tabulated separately.
Under certain circumstances, attempts to calculate absorbed dose to a point, line or surface could lead to a divergent mathematical expression. While this would seldom if ever occur with models of interest in the medical use of radionuclides, two formal restrictions on the models are necessary to remove this mathematical complication: a target region that is a point, line or surface must be entirely contained within a volume inside which the mass density is everywhere finite and not zero; and there can be no point in common between a source and its target region unless either the source region, or the target region (or both) is a volume.
Formulae

Absorbed Dose under Equilibrium Conditions
Consider a radionuclide that gives rise to particles of types i = 1, 2, 3 ...... , the mean energy per particle being Ei and the mean number of particles per nuclear transformation ni. The mean energy emitted per .nuclear transformation as particles of type i is then
where the numerical factor k depends on the choice of units (see Section 2.4.7). If the radionuclide is uniformly distributed in an infinite homogeneous absorbing material, the energy emitted per unit mass must be in equilibrium with the energy absorbed per unit mass. We can therefore define absorbed dose under equilibrium conditions
where C = fCdt is the time integral of the activity per unit mass, integrated over the relevant time interval (which may extend to infinity) and LiLli is the total mean energy of ionizing radiation emitted per nuclear transformation. It should be noted that radioactive daughter products must be considered separately as their lifetime in the source region may differ from that of the parent.
Absorbed Fraction and Specific Absorbed Fraction
If a target region v has absorbed energy from activity in a source region r, the absorbed fraction in v from r is defined as the quotient of the absorbed energy iD).parted to target region v from source region r, and the energy, exclusive of rest energy, emitted in the source region. Annihilation radiation is included as gamma radiation emitted in the source. For i-type radiation this is written </>i(v +-r ). While this definition is general,..applying to all types of nuclear radiations, the target region is by definition limited to a volume. (If the target region were a point, line or surface, the absorbed fraction would be zero.)
The specific absorbed fraction is defined as the absorbed fraction per unit mass of target, i.e., (2.4-3) It can be shown that Eq. (2.4-3) holds even for a vanishingly small target region v. As a result the specific absorbed fraction is not limited to volume targets, and may be written P;_(r 1 .____ r 2 ), where r 1 is the target region and r 2 is the source region. These may be any two regions, subject only to the restrictions given at the end of Section 2.3.
If a target region is divided into a number of subregions, the absorbed fraction in that region is simply the sum of the absorbed fractions of the sub-regions, i.e.,
The specific absorbed fraction of the target region is the weighted mean of the values for the sub-regions where the weighting factor is the mass of each sub-region, i.e., since <J\ = ¢i/m 1 , etc. Equations (2.4-4) and (2.4-5) are useful when the region of interest can be represented by sub-regions of simple shape for which absorbed fractions or specific absorbed fractions are already tabulated.
The definitions of absorbed fraction and specific absorbed fraction, as well as equations (2.4-4) and (2.4-5) are quite general, in that they apply to all types of nuclear radiation, to any distribution of activity, and to any absorbing medium however distributed.
For a point source in an infinite, homogeneous medium, the specific absorbed fraction is a function of the distance x from the source point to the target point. It is then given the name point isotropic specific absorbed fraction, and is written <P(x ). The specific absorbed fraction between any target region and a point source is simply the mean of the values of <P(x) (the point isotropic specific absorbed fraction from the point) in that region
Even more generally, the specific absorbed fraction in any region from a source in another region is simply the mean of the values of the point isotropic specific absorbed fraction for all pairs of points in the two regions, i.e.,
(2.4-7)
Equations (2.4-6) and (2.4-7) are useful because the point isotropic specific absorbed fraction has been tabulated for various types and energies of radiation (Berger, 1968) . As a result, it is often possible to estimate the specific absorbed fraction for an arbitrary region by 2.4 Formulae • • • 7 carrying out the averaging process indicated in these equations, provided both source and target can be adequately represented as falling within an infinite, homogeneous medium. Sometimes only an approximate value is needed, and the average specific absorbed fraction is then readily evaluated by an elementary calculation, or simply by inspection (see Example 2, Appendix C).
When the target region is a volume, it is immaterial whether the absorbed fraction, ¢, or the specific absorbed fraction, <f>, is used, because either can be converted to the other by means of Eq. (2.4-3). As tabulated values of these quantities are necessarily limited, it is almost always necessary to interpolate or extrapolate in order to get values for a particular model, and the choice between ¢ and <f> should be made to facilitate that step. The absorbed fraction, ¢,will be more convenient under circumstances where ¢ ""' 1, since it will not then be sensitive to changes in target size or shape. The specific absorbed fraction, <f>, will usually be more convenient under circumstances where¢« 1, because the target is distant from the source and <f> will not then be sensitive to changes in target size or shape.
Reciprocity Theorem
A general reciprocity theorem is valid if the radionuclide is uniformly distributed in regions of an absorbing material that either (a) is infinite and homogeneous, or (b) absorbs the radiation without scatter. This theorem states that for any pair of regions, the specific absorbed fraction is independent of which region is designated source and which is designated target. In equation form this becomes P;(r 1 ++ r 2 ) = P;(r1 +---rz) = P;(r2 .____ ri) (2.4-8)
where the double-ended arrow indicates that either region can be target or source. For two volumes, the reciprocity theorem can be expressed in the form:
For a volume and any other region, the reciprocity theorem can be given in the form:
(2.4-10) mv
The reciprocity theorem, as expressed in equations (2.4-8) to (2.4-10) is independent of activity and absorbed dose, since the basis of the theorem is simply a symmetrical relationship between two regions, as regards radiation attenuation.
Since condition (b) above, the absorption of nuclear radiation without scatter, has little practical significance, application of the reciprocity theorem is generally based on condition (a), the assumption that both source and target regions lie within and form part of an infinite homogeneous absorbing material. This means that, in principle, all boundary effects are excluded, but in practice it is generally not necessary to be highly rigorous in meeting this requirement for an "infinite" medium.
The reciprocity theorem has long been known (King, 1912; Mayneord, 1945) and has been stated in a variety of forms (Loevinger et al., 1956a) . The original derivations were in terms of a more limited model in which monoenergetic photons showed-exponential attenuation, i.e., were absorbed without scatter.
Absorbed-Dose Equations
To obtain a general absorbed-dose equation, it is only necessary to write Eq. (2.2-2) in the general notation that has been developed here, and sum the result over the various radiations emitted by a radionuclide. The basic equation for the mean absorbed dose so obtained lS:
DCri --r2) = A2 LiLli <Nr1 --r2). (2.4-11)
If the reciprocity theorem is applicable (Loevinger and Berman, 1968a , 1968b and 1976 Loevinger, 1969) , Eq.
(2.4-8) may be applied. Equation (2.4-11) applies to all radionuclides, covering both charged particles and electromagnetic nuclear radiations, places no limitations on the size or shape of source or target regions, and does not imply any restrictions on the uniformity of the activity or the absorbing medium.
A very common and important practical case occurs if the target region, r1 and the source region, r 2 , are the same volume, u. Then the basic absorbed-dose equation takes on a simplified form, giving the mean "self-dose" to the volume, v:
(2.4-12) since Cu = Aulmu and¢; = mu P;. The arrows are omitted from Eq. (2.4-12) since there is identity of source and target.
For another important case, the mean absorbed dose to a volume from a point, Eq. (2.4-11) may be expressed in the form:
(2.4-13)
If the reciprocity theorem is assumed to be valid, the absorbed dose to a point from a volume is given by the equation
(2.4-14)
The arrows can be omitted from the right side of Eq.
(2.4-13) and (2.4-14) since the absorbed fraction can only be defined for a target region that is a volume, but the arrows are still useful in the left side of these equations, to distinguish the two cases.
Conversion from Absorbed-Dose to Absorbed-Dose-Rate Equations
In the models used in calculations it is often assumed that the distribution of the activity in any region is constant except for a factor that is a function of time. Then ¢; and <Pare independent of time, and the Eq.
(2.2-1), (2.2-2), (2.4-2), and (2.4-11) to (2.4-14) have only one quantity on each side of the equality sign which is a function of time. As a result, the equations can be converted from dose to dose-rate equations by substituting the symbols D, A, and C for symbols D, A, and c.
Time Dependence of Source Activity
To simplify the discussion of time dependence, only the activity A(t) is used in this paragraph, but an exactly analogous description can be given for the activity per unit mass C (t ).
If the activity A (t) is known as a function of time, it must be integrated over the relevant time interval to give A. This integration may be performed graphically, numerically or analytically. Without implying any special functional form for A (t ), it is often convenient and sufficiently accurate for purposes of dosimetry, to represent the function A(t) as a sum of exponentials, in the form: where the number of half-lives that have elapsed isl= t/T. The elapsed time and the half-lives may be expressed in any units provided that numerator and denominator are in the same unit for ratios of the form t/T, etc. If A(t) can be adequately represented by a single exponential, then it can be characterized by a single effective mean life, Terr, calculated from Eq. (2.4-20) or (2.4-21).
Conversion of Units
All of the equations used in this report are valid for any self-consistent set of units, and only the numerical factor kin Eq. (2.4-1) depends on the choice of units.
The units of the modernized metric system known as Le Systeme International d'Unites (SI) (see, e.g., ICRU, 1971) form a coherent set, and the numerical factor k in Eq. (2.4-1) has the value unity. Thus, the mean energy of the ith type per nuclear transformation is (2.4-23) when all quantities are expressed in SI units, as given in Table 2 -1. The simplicity of this relationship illustrates an important advantage of SI units, which are recommended for use unless a strong reason exists for making another choice.
It is common practice to tabulate the energies of nuclear particles in some multiple of the electron volt, and that unit has been accepted for use with SI units (see, NPL, 1977; NBS, 1977) . Then the mean energy of the ith type per nuclear transformation becomes (2.4-24) In Eq. (2.4-24) ~is in joules and Ei in Me V. This is the appropriate value of Lli when all quantities are given in SI units except for the mean energy per particle Ei.
Another system of units, still commonly found in laboratory practice, but scheduled for replacement by In Appendix C one of the examples is given both in SI and traditional units.
Penetrating and Nonpenetrating Radiations
In general, a radionuclide gives rise to a number of types and energies of nuclear radiations, that are designated by the subscript i = 1, 2, 3 ... in the equations of this report. For many of these radiations the calculation of absorbed dose requires informati<?n on the spatial distribution of energy transport from the source region. The energy of other nuclear radiations, however, is absorbed within distances so short that it is sometimes appropriate to consider such energy as absorbed within the source, and as a result it is unneccessary to obtain information on the spatial distribution of the imparted energy. As a result, it is frequently convenient to classify nuclear radiations as either penetrating or nonpenetrating, depending on the penetrating properties of that particular radiation relative to the dimensions of the source region. The classification is not made by the type of particle alone, but by the size and shape of the source as well as the type and energy of the particles and the use to which the dose calculation will be put.
The term nonpenetrating is applied to those radiations which impart outside a source volume such a small fraction of their energy that it can be neglected in calculating the mean absorbed dose to the volume. For such radiations the mean self-dose to a source volume is calculated from the total energy emitted within the source. For all nonpenetrating radiations: rf>(v,v) =land <P(v,v) as would be expected. When a source emits beta particles, these are usually treated as nonpenetrating radiations in calculating the average dose to whole organs such as the liver and spleen. Radiation is called penetrating if the spatial distribution of the absorbed energy enters into the calculation of mean absorbed dose. For penetrating radiations, mean absorbed-dose calculation requires some method of obtaining a numerical estimate of the absorbed fraction or the specific absorbed fraction. Some of these methods are indicated in Section 4.
For penetrating photon radiations in an infinite, homogeneous absorbing material, the point isotropic specific absorbed fraction <P(x) can be expressed in the form Ben(µx) (2.4-27) 47rx 2 where µ = linear attenuation coefficient for the initial photon energy; µen = linear energy-absorption coefficient for the initial photon energy in water; p = mass density; and Ben(µx) =energy-absorption buildup factor in water, the ratio of the point isotropic specific absorbed fraction at a point to the point isotropic specific absorbed fraction for the primary photons only (Berger, 1968) .
The quantity in square brackets is the contribution of the primary photons. The buildup factor Ben(µx) takes into account the contribution of scattered photons. Eq. (2.4-27) applies to all photon sources, and values of Ben(µx) are available (see Appendix B). The funetion 47rx 2 <P(x) has the useful properties that it is independent of mass density and takes on the value µen! pat x = 0.
For penetrating particulate radiations (i.e., ;3 particles and electrons) no general formulation analogous to Eq. (2.4-27) is possible although some special formulations have been given by various authors.
For the purpose of classifying nuclear radiations as penetrating or nonpenetrating, it is convenient to characterize them by the radius of a sphere within which a given fraction of the energy is absorbed from a point source. If the chosen radius corresponds to 90% absorption in water, then the radius is designated as R 90 • Those radiations for which R 90 is much less than the dimensions of the source region can generally be designated as nonpenetrating, while those for which R9o is comparable to or larger than the dimensions of the source region must be classed as penetrating. Values of R 90 for the nuclear radiations of importance in dosimetry are to be found in Appendix A.
It is, in general, very helpful to collect the individual nuclear radiations of a particular radionuclide into groups with similar penetration properties. For each group the energy per nuclear transformation is summed for the individual radiations, say:
where the summation is carried out only over the radiations within groups. A suitably chosen value of r/> or <Pis then used for this group of radiations, and designated rf>s or <fi 8 • All the nonpenetrating radiations will be in one such group. The penetrating photon radiations can be divided into suitable energy bands, such that within each band the penetration properties are more or less the same. These groups can be formed by examining either R 90 , or¢, or </>values for the individual radiations. After these groupings have been carried out, the basic absorbed-dose Eq. (2.4-11) can be written in the form D(r1 +---r2) = A2Ls Ll,; <fis(r1 +---r2). (2.4-29) In a similar way the summation in equations (2.4-12), (2.4-13), and (2.4-14) is taken over the energy groups instead of over the individual nuclear radiations i.
The Density Transformation Rule
Available tables of absorbed fractions and specific absorbed fractions have, as a rule, been prepared for use with soft-tissue models. The calculations of these absorbed fractions may have been performed for an assumea composition of soft tissue, or for the composition of water, but almost always the mass density will have been assumed to be that of water, i.e., 1 g cm-3 . Somec times, however, the model will include tissue of other densities, e.g., lung or bone, and these data will not, in general, be readily applied. When, however, the source and target regions are the same volume, so that it is desired to calculate the "self-dose" to that volume, the data can be applied by adopting a certain transformation procedure.
Consider a photon originating at some point P within a uniform, homogeneous scattering material of constant atomic composition. Assume that the photon interacts with the material after traveling a distance xi, giving rise to a recoil electron and a scattered photon which then travels a distance x 2 , etc. (Figure 2.1) . The history of the photon is independent 1 of the mass density, p, provided that the distances are specified in mass per unit area, i.e., in terms of px1, px 2 , etc. Then the fraction of the original photon energy imparted to a volume containing P, before a scattered photon escapes from the volume, is independent of mass density provided the size and shape of the volume, and the position of the point P within the volume, are specified in mass per unit area.
More generally, consider a volume u of arbitrary shape, uniform mass density p, and mass m = pu, containing arbitrarily distributed activity. Assume that the density changes to a new uniform value ;f, and the size of the new volume, and the distribution of the activity within it, are defined by the rule that the new distance between any pair of points will be x' = (p/ p')x, where
x is the distance between the same pair of points for density p. The shape of the volume will be unchanged, and it can be shown that the quantities</>, <Pl p2, px, p 2 m and p 1 u are independent of mass density. This result can be used in the following manner. Assume that either the absorbed fraction or the specific absorbed fraction is desired for activity distributed in a volume of density ;f ~ 1 g cm-3 , while tables of <P or <Pare available for volumes with the same shape for the density p = 1 g cm-3 . It is only necessary to enter these tables with the independent variables This rule for transformation of <P and <!> from one density to another accounts only for the energy im-1 The following discussion assumes, particularly for low or intermediate photons, that the atomic composition is not greatly different. For example, one cannot use the transformation procedure outlined if the change in density results from a change in atomic composition such as to bone, especially for photon energies below about 100 keV.
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parted to a volume of radiation emitted within that volume, and that has never left that volume. The rule does not account for energy emitted within the volume that escapes and then reenters the volume, either due to backscatter or because the volume curves around on itself.
Relationship of Recommended to Earlier Methods of Absorbed Dose Calculation
The dosimetry of internally distributed radioactive materials has been under consideration since about 1920. While important contributions have been made by various persons (e.g., Mayneord,1950) , the first systematic formulation of a method of calculating the dose from biologically distributed radionuclides appears to have been made by Marinelli et al. (1948, a and b) . They separated the nuclear radiations into two categories, the penetrating radiations and the nonpenetrating radiations such as (3 particles, electrons, and low-energy photons, they established suitable equations for calculating the dose from these two categories, and they provided much of the physical information necessary to carry out the calculations.
The viewpoint established by Marinelli, Quimby and
Hine was quickly accepted and widely used. It was, to some extent, developed and elaborated in a later review (Loevinger et al., 1956b) . In addition, methods were developed for carrying out dose calculations for {3-particle-emitting sources so small that the radiation must be considered penetrating (Loevinger et al., 1956a) . While numerous calculations have been published on internal absorbed dose from specific radionuclides, there have been relatively few contributions to the general literature on methods of dose calculation; Loevinger (1969) , in a review, cited those published up to that time. The procedures used by ICRP Committee II for calculating the dose to tissues in their work on Permissible Dose for Internal Radiation (ICRP, 1955 (ICRP, , 1959 were similar, in principle, to those presented in the preceding sections; values of the total energy absorbed in given organs for particular distributions of the radionuclide of interest were calculated, assuming, for photons, an effective radius for individual organs. These procedures were also used by Vennart and Minski (1962) in assessment of the absorbed dose resulting from the single administration of a number of radionuclides of medical interest.
However, in relation to clinical applications, the first significant deviation from the viewpoint of Marinelli et al. was due to Ellett et al. (1964 Ellett et al. ( , 1965 who applied Monte Carlo computer techniques to the calculation of absorbed dose from photons, and made the first systematic use of the concept of the absorbed fraction. The first general treatment of the dosimetry of distributed radionuclides to differ significantly from that of Marinelli et al. was the work of Loevinger and Berman (1968a) who introduced the formalism that is the basis of the calculation procedure recommended here and also adopted by the MIRD Committee. Since the general viewpoint laid down by Marinelli et al. was universally used with great success for 20 years, it seems appropriate to consider it the "traditional" viewpoint, and to describe the reasons for recommending a somewhat different approach.
Introduction of the quantity specific absorbed fraction allows a single equation, Eq. (2.4-11), to cover absorbed-dose calculations for all models, all particle types, and all energies, including the reciprocity principle when appropriate. This equation replaces a multiplicity of traditional equations, difficult to remember and tedious to reconcile with each other. Experience shows that this simplicity facilitates absorbed-dose computation and reduces errors by allowing attention to be focused on the essential biological and physiological aspects of dosimetry, and away from those concerned solely with computation.
For nonpenetrating radiations, the formulae recommended here for the calculation of absorbed dose differ only in notation from the traditional formulae. For penetrating radiations, the differences are somewhat greater. The traditional treatment of )'-ray sources was based on calculation of the ionization around a point source in air, i.e., calculation of exposure. (The quantity absorbed dose had not been defined in 1948.) The use of exposure is, however, not an essential aspect of the traditional method of )'-ray absorbed-dose calculation, since the method is easily reformulated in terms of absorbed dose instead of exposure, and this is done here in comparing the traditional method with the recommended method. The two methods are compared by calculating the absorbed-dose rate to a point from a volume source, assuming a uniform distribution of activity in the volume, which is assumed to be in an infinite, homogeneous absorbing medium. Using SI units and equations (2.4-14), (2.4-23), (2.4-27), and (2.4-6), the method recommended in this Report can be written in the form
The traditional method used the equation tJ = Cvp(W/e)I'g.
The exposure-rate constant I'is the exposure rate in air from primary photons only, at a unit distance from a point source of a unit activity. (W/e) is the mean energy expended in air per unit charge, and (W/e) times exposure rate has the dimensions of dose rate and is for air. To facilitate comparison with the recommended method, the modified constant I'* is substituted for (W/e)I', where I'* is defined as the absorbed-dose rate from primary photons only, in the uniform absorbing material at unit distance from a point source of unit activity. Then in SI units
where the summation is over only the primary photons from the point source. To determine the absorbed-dose rate the geometrical factor,g,is introduced to take ac-cou~t of the photon attenuation, and the size and shape of the source volume in which the radionuclide is uniformly distributed. The geometrical factor is represented by the integral
Then the traditional method of calculation can be written in the form 47rD(p --v) = Cv [ Li(µen)iniEi] X i exp(-µeffX )x-2 du. (2.5-2) An important difference between Eq. (2.5-1) and (2.5-2) is that the integral characterizing the distribution of absorbed dose is assumed to be independent of photon energy in the latter equation, but not in the former. The traditional method also assumes that the function describing the distribution of absorbed dose around a point source is exponential, i.e., it is assumed that Ben(µx) exp(-µx) = exp(-µeffX) (2.5-3) for all photon energies. In all published tables of. gvalues, the numerical value assigned to the effective absorption coefficient has been µeff = 0.03 cm-1 . To test the validity of these assumptions, it is only necessary to compute the left-hand side of Eq. (2.5-3) (using Tables 2 and 3 in Berger, 1968) and attempt to represent it by an exponential. When this is done, it is seen that the assumption of exponential attenuation leads to considerable error for photons of energy below a few hundred kiloelectron-volts. For photon energies above about 0.5 Me V, the assumption of exponential attenuation is not grossly in error, but calculation using the buildup factors shows that a better value for the effective absorption coefficient would be µeff = 0.017 cm-1 in water, which serves to represent the absorbed dose from a point source within about 5 percent, out to a distance of about 16 cm from the source.
The extensive tables of the geometrical factor g which have been calculated for use with the traditional method are readily incorporated into the recommended method by means of the equation
where µen is the energy-absorption coefficient of the initial photons in water. The absorbed fraction is written </Jeff in this case to show that it is based on the assumption of exponential absorption using an absorption coefficient µeff = 0.03 cm-1 . In addition to this limitation, the value of ¢eff in each case applies only to that source-target relationship for which the corresponding value of g was calculated. All the calculations of geometrical factors assume a uniform distribution of activity in the source volume, and since the assumption of exponential absorption implies attenuation without scatter and hence independent of direction, the reciprocity relationship applies in all cases to values of g, and to the values of efieff computed therefrom.
Comparison of Eq. (2.5-1) and (2.5-2) makes it clear that the procedures for absorbed-dose calculation recommended in this Report are, in fact, closely related to the traditional procedures of Marinelli et al. although at first sight they appear to differ considerably. If values 2.5 Methods of Absorbed-Dose Calculation • • • 13 for g are refined by making allowance for changes in the effective absorption coefficient with photon energy, then Eq. (2.5-4) .can be satisfied and there must, in principle, be agreement between values of absorbed fractions, however derived (Widman and Powsner, 1966; Hubbard and Williamson, 1969; Lane and Greenfield, 1972) . While, therefore, individual workers may find it convenient to introduce simplifying approximations in solving particular problems in dosimetry, there seems to be little justification for retaining the formal presentation used in the traditional, earlier work.
Reasons for adopting the system used in the MIRD reports are that (a) the symbolism for both photons and electrons is the same, whereas it differed in the 'traditional' method, (b) better approximations for the attenuation of photons are provided and (c) fuller use can be made of other physical and biological data available.
